With the aid of photolithography, an array of one-dimensional porous silicon photonic crystal reflector islands for a far infrared image detector ranging from 10 µm to 14 µm is successfully fabricated. Silicon nitride formed by low pressure chemical vapor deposition (LPCVD) was used as the masking layer for the island array formation. After etching, the microstructures were examined by a scanning electron microscope and the optical properties were studied by Fourier transform infrared spectroscopy, the result indicates that the multilayer structure could be obtained in the perpendicular direction via periodically alternative etching current in each pre-pattern. At the same time, the island array has a well-proportioned lateral etching effect, which is very useful for the thermal isolation in lateral orientation of the application in devices. It is concluded that regardless of the absorption of the deposition layer on the substrate, the localized photonic crystalline islands have higher reflectivity. The designed islands structure not only prevents the cracking of the porous silicon layers but is also useful for the application in the cold part for the sensor devices and the interconnection of each pixel. : 42. 70. Qs, 85. 85. +j, 78. 67
Porous silicon is an interesting material that has attracted a great deal of attention for many decades due to its properties such as light emitting behavior and easy oxidation for electrical isolation. Recently, it was reported that oxidized porous silicon has unique thermal insulation properties, and is very useful for gas detectors, [1] biomedical thermal conductivity micro-sensor, [2] micro-thermal sensitive devices. [3] It was also reported that porous silicon has been used to fabricate photonic structures through periodically alternative etching current to form multilayer structures, [4−6] the photonic band gap could range from near infrared to mid-infrared as far as 10 µm by combining the programmed anodization technology with proper thermal oxidation. [7] Obviously, such a structure is both a good reflector and a better thermal insulator. This means that a combination of such a photonic crystal with an infrared sensor layer will result in a new infrared sensor device structure. [8] Considering the device application of photonic crystal for non-cooling infrared sensors, concerns must be raised on the following issues. One is the cool part and the interconnections don't need a thermal insulator. Moreover, when there are fabricated large area photonic crystal layers for the sensor, the mechanical properties must have better stability. However, the experimental results show that if the layers were increased to enhance the optical properties, the surface of the photonic crystal would be cracked. More importantly, it is difficult for the interconnection between each unit in devices. Thus localization of the photonic crystal area is necessary. Unfortunately, so far the relevant study have seldom been reported. In this study, combining with microelectronic technology, we investigate low stress Si 3 N 4 films deposited on Si substrates by low pressure chemical vapor deposition (LPCVD) taken as a mask for the preparation of localized porous silicon photonic crystal. Silicon windows were opened by a reactive ion etching process in the SF 6 /CF 4 atmosphere after the lithograph process. Wafers with silicon windows were then electrochemically etched in a vessel via periodically alternative etching currents to obtain a multilayer structure in each island, and lastly the fabricated porous silicon multilayer structure was oxidized in a controlled condition to obtain a stable porous silicon photonic crystal structure. The microstructure was characterized by a scanning electron microscope (SEM) and the optical reflectance spectra by Fourier transform infrared spectroscopy (FTIR). The results indicated a potential application for such a photonic crystal island array for infrared sensors.
In the experiment, the designs of the photonic crystal islands were made by taking reference to device distribution. The design also took into account the etching under the mask layer at the boundary, which was determined by the distance between nearest two neighbors. Both square and circle patterns with different effective areas were designed.
Silicon wafers, p + -type, resistivity 0.01-0.02 Ω·cm, with ⟨100⟩-oriented have been employed as substrates. Low-stress Si 3 N 4 6000Å was deposited onto the substrate with LPCVD. A photolithograph process was employed to transfer the designed patterns onto the wafer. Then Si 3 N 4 on the exposed islands windows was etched by SF 6 /CF 4 plasma. Lastly, the remaining resist was removed by oxygen plasma.
The anodization process was performed in a program controlled electrochemical system. The electrolyte is HF (40%):C 2 H 5 OH(99%)=1:1(vol%). The effective area was normalized considering the design to modulate the setting of the etching current. The parameters were adjusted accurately to ensure the current density stayed at 10 mA·cm −2 or 70 mA·cm −2 to the formation of the low porosity layer or the high porosity layer. Multilayer structures were achieved by alternating the anodization current periodically in the controlling program. After the etching process, the fabricated porous silicon photonic crystals were thermally processed in a selective condition at 500 ∘ C for 20 min in the atmosphere of oxygen, the pressure was 1.01 × 10
5 Pa, and the oxygen flux is 0.6 L/min. [9] In our previously published paper, the porous silicon photonic crystal was fabricated on the unpatterned bare silicon wafers, and the photonic band gap could be achieved ranging from near infrared to midinfrared as far as 10 µm, and the optimized parameters have been obtained. [10, 11] In this study, some of the optimized parameters were referred to for the patterned porous silicon photonic crystal preparation so we can carefully revise the perimeters such as the etching time, current density and annealing conditions. The microstructures of the photonic crystal island array were characterized by SEM. Figures 1(a)-1(d) show the plane view of the images. Both square and circle patterns with different effective areas were designed. Apart from the part of the opening window on the silicon, evidence of lateral etching under the silicon nitride mask can be seen. The individual pattern in Fig. 1 was further examined by the SEM pictures. Figures 2(a) and 2(b) give the top-down and the cross-sectional microstructure SEM images with four-periods of the photonic crystal corresponding to one of the patterns (larger circle) shown in Fig. 1 . It is clear that in the light-grey areas, porous silicon photonic crystal was formed selectively and regularly. The grey regions cover the Si 3 N 4 mask layer. By controlling the etch time, the photonic crystal with the multilayer can be selectively formed. During the whole etching process, there exist violent corrosion of HF and anisotropic wet etching of silicon, but the Si 3 N 4 masking layer keeps intact, i.e., it is not etched away.
Although the surface appears with obvious grooves, the brim of the patterned sample surface is very clear. Fig. 2(a) . It can be demonstrated that the perpendicular layers appear columnar and directional. We observe highly contrasted regions corresponding to high (dark) and low (bright) porosity layers. That is, the multilayer structures with properties of porous silicon have been fabricated in the perpendicular direction in each island, and it is more clear that there also exists seriously lateral etching, after etching there appears to be the perpendicular orientation of the localized photonic crystalline islands with overall thickness of 12.3 µm, and the thickness of lateral etching is about 9.9 µm, the growth rate ratio between them was equal to 0.8. This tendency is consistent with the result reported by Guendouz et al., [12] that is to say, the etching is an anisotropically process and the growth rate of the etching in profile is always smaller than the etching in the perpendicular direction.
In our experiment, the first top layer was chosen to be etched by low current density to make a high reflectivity and to escape the change of surface morphology due to the transient high current. The last layer adjacent to the bulk silicon substrate was chosen to be a low refractive index layer.
The refractive indices of the layer were regu-lated using different anodic current densities of = 10 mA/cm 2 and = 70 mA/cm 2 . The reflectivity of the localized photonic crystalline islands with 4 periods was found using FTIR. As shown in Fig. 3, Figures  3(a)-3(d) show the reflectance spectroscopy of both square and circle patterns with different effective areas samples, respectively, they all have high reflectivity in the spectral region between 10 µm and 14 µm. In addition the photonic band gap width is about 4 µm, the mid-gap lies at = 12 µm. For the island array which can obtain greater reflectivity and a comparatively bigger PBG, that is, it has a more uniform film structure with the larger thickness and steeper sidewalls. [13] The differences in each pattern may be caused by effective areas during etching and the position of spot irradiating during testing, and the impact of the effective areas is being studied. There are several dips except that associated with the absorption band of Si-O , which may be mainly attributed to the Si 3 N 4 absorption band in the surface, associated with the stretching and deformation of Si-N-Si. [14−18] For the four patterns the dips exist at 10.8-11.3 µm in the high reflectance region, which may be attributed to the vibration and absorption peaks of Si-N bonds. They are associated with the Si-N-Si stretching mode, the Si-N-Si bond gives rise to very strong band around 11 µm and it can completely absorb the infrared light in this region of the spectrum.
In summary, we have presented a multilayer structure with an island array which may have potential applications in IR sensing devices. This structure has high reflectivity, although in their reflectance spectra there exist several dips that may be caused by the Si 3 N 4 absorption band in the surface. In this experiment we only design four periods. If we increase the number of periods, the effect must become better. During the etching process, the lateral etching is obvious. However, by adjusting the distance between nearest two neighbors properly, these properties must be useful for thermal insulation applications. The designed island structure not only prevents cracking of the porous silicon layer but also acts as an interconnection between each pixel and the cold for the sensor devices. The results indicate that such a photonic crystal island array must have a promising application for an infrared sensor and further studies in the field will be extensively pursued.
